Abstract. We propose a new device for detecting high-frequency gravitational waves (HFGWs) in the GHz band, which consists of a high-quality-factor open microwave cavity and a Gaussian beam (GB) passing through a static magnetic field in free space. Essentially this effect is an inverse Gertsenshtein effect in which HFGWs are converted into electromagnetic (EM) waves when passing through a static magnetic field. Under the synchro-resonance condition (with the frequency of the EM and HFGW the same) using the very high sensitivity of fractal membranes to the polarization directions of the EM normal modes (standing waves) in the cavity, the perturbative EM fields stored in the cavity can be converted into an instantaneous EM power flux (perturbative photon flux or PPF for detection) in the free space, which would be superimposed on the perturbative EM fields generated by the HFGWs in the coupling space of the Gaussian beam and the static magnetic field. The total PPF caused by such resonant effect of HFGWs will reach a detector or tuned receiver of the microwave photons and provide for HFGW detection. This paper also discusses detection condition for stochastic high-frequency relic GW background (HFRGWs) and the detectability of HFGWs generated in laboratory, and provides a review of the system ' s selection capabilities and identifies crucial noise issues.
INTRODUCTION
The purpose of this paper is to present the theoretical design of a device to detect high-frequency gravitational waves or HFGWs in the bandwidths above 100 kHz. HFGWs are defined by Hawking and Israel (1979) to have frequencies of 100 kHz to 100 MHz. Very high-frequency gravitational waves (VHFGWs) have frequencies of 100 MHz to 100 GHz and, presumably, ultra high-frequency gravitational waves (UHFGWs) have frequencies above 100 GHz (2.9x10 electromagnetic (EM) waves and, more relevant here, that inversely GWs could generate EM waves or fields. Cavity electrodynamic responses to the HFGWs have been much discussed (Ballantini et al., 2003; Chincarini and Gemme, 2003; Cruise, 2000; Grishchuk, 2003; Gerlach, 1992) . In most cases they investigated perturbative EM fields (or perturbative photons) generated by the HFGWs, and these perturbative EM fields are often stored in the closed cavities. It is generally believed that there exists a relic gravitational wave background created in the early universe (Grishchuk, 1977) . In the past few years high-frequency relic gravitational wave (HFRGW) detectors have been fabricated at Birmingham University, England and INFN Genoa, Italy (Cruise, 2000; Ballantini et al., 2003; Chincarini and Gemme, 2003) . These two types of EM detectors may be promising for the detection the HFGWs in the GHz band and in other HFGW bands in the future, but currently their sensitivities are orders of magnitude less than what is required. Because such perturbative EM normal modes produced by the HFGWs are often stored in the cavities these perturbations are actually utilizing an indirect effect for their detection. Unlike usual cavity electrodynamical response to the HFGWs (Brodin and Marklund, 2003) , our resonant cavity is a planar open cavity that consists of two parallel fractal membranes (Wen, et al., 2002; 2004; Zhou, et al., 2003) . The fractal membranes can provide nearly total reflection for the EM waves (photon flux) with certain polarization directions and frequencies in the GHz band, at the same time they can provide nearly total transmission for the photon flux with other polarization directions in the GHz band. Moreover, the perturbative photon fluxes (PPFs), produced by the HFGWs, reflected and transmitted by the fractal membranes, can keep their strength invariant within the distance of one meter from the fractal-membrane ' s surface. As in Fig. 1 , in addition to the fractal membranes, our EM detecting device contains a static magnetic field pointing along the y-axis (the symmetrical axis of the cavity), which is localized in the region inside the cavity (0< z <b) and a Gaussian beam (GB) directed along the z-axis. The cavity length dimension, b, is 35 times that of a single HFGW wavelength (3 cm for 10GHz relic HFGWs), i.e., b =1.05 m, and the poles of the magnet are separated by a little more than one meter. Due to nearly total reflection (i.e., a very high reflectivity) for the EM normal modes stored in the cavity, the open cavity would be "an equivalent high-temperature superconducting (HTSC) cavity" for the normal modes in the GHz band (and for other HFGW bands). In other words, the open cavity has very high quality factor Q for the normal modes.
Figure1 exhibits a two-stage system of the open cavity and a GB passing through a static magnetic field. The GB is a strong background microwave beam or background photon flux. In the first stage the cavity walls are composed of two parallel fractal membranes. If one perturbative EM normal mode is localized inside the cavity by the reflecting fractal membrane, after rotation 90 0 of the fractal membrane in the right side of the cavity, then it will become a transmitting fractal membrane and the normal mode would be converted into an instantaneous EM power flux in the free space. 
Gaussian beam
One of them is the static magnetic field coupled (passing through ) to the cavity (left side in Fig.1 ), another one is the static magnetic field coupled to the GB (right side in Fig.1 ), and these two parts or stages are separated by about one meter. This is because the PPF transmitted by the fractal membrane can keep its strength invariant within one meter. Thus there is a good coherent interaction between the PPF (perturbative EM fields) and the GB. The perturbative EM fields from the cavity can be coherently coupled to or "feeds" the GB to generate a first-order perturbative PPF to be detected by the microwave receiver as shown in Fig. 2 . The traveling-type GB, should be localized in the free space (vacuum), because any objects (e.g., fractal membranes, cavity walls, dust, etc.) and media will cause distortion of the GB so that the perfect resonant condition would be broken. The specific objective of this paper is to obtain a design for a two-stage, coupled HFGW detector that exhibits a significant build up of detection photons or PPF once the amplitude of the laboratory-generated HFGWs reaches the threshold of the open-cavity detector, e.g., A ~ 10 -25
. FIGURE 2.Skematic of Open Cavity, GB, Magnets and Microwave Receiver.
GENERAL EXPRESSIONS OF HIGH-FREQUENCE RELIC GRAVITATIONAL WAVES
It is well known that under the high-frequency limitation condition (n ~10 9 -10 10 Hz), the asymptotic form of the relic GWs in the laboratory frame of reference can be written as (Grishchuk, 2003; 2006; Giovannini, 1999; Li, Baker and Chen, 2006; Li, Tang and Shi, 2003) 
where A/a and B/a are the stochastic values of the amplitudes, ( ) t a is the cosmology scale factor, t, g k and ω g are the laboratory time, wave vector and angular frequency of the relic GWs, respectively, and i, j represent two independent polarization states. Equation (1) can be seen as the approximate form of each "monochromatic" polarization component of the HFRGWs in the GHz band. However, Eq. (1) shows that the stochastic relic GW background contain every possible propagating direction and frequency. The question arises in this case as to whether or not the HFRGWs can be selected and measured by our EM detector? We have shown (Li, Baker and Chen, 2006; Li, Chen and Yi, 2005) that the resonant component of the relic GWs (i.e., the HFRGW component and the Gaussian beam have the same frequency, and it propagates along the positive direction of the symmetrical axis or z-axis of the Gaussian beam) can generate an optimal resonant effect due to the coupling of the Gaussian beam and static magnetic field (the inverse Gertsenshtein effect). For the coupling of the open cavity and the static magnetic field, the direction of the static magnetic field is pointed along the y-axis that is parallel to another static field interacting with the Gaussian beam along the z-axis. (Please see Fig. 1 .) According to the Einstein-Maxwell equations of the weak fields and the constraint of the boundary condition at the cavity walls, only such resonant component of the relic GWs can produce the optimal perturbative normal modes inside the cavity (Men and Sheng, 2004) . This means that both the resonant effects inside the cavity and in the coupling space of the Gaussian beam and the static magnetic field have the same requirement with respect to the resonant component of the HFRGWs. In this case our attention will be focused on the resonant component of the HFRGWs that satisfy the frequency resonant condition in the cavity and the Gaussian beam in free space, and propagate along the positive direction of the z-axis. According to Eq. (1), the selected circular polarized resonant component of the HFRGWs would be: 
PERTURBATIVE ELECTROMAGNETIC NORMAL MODES IN THE OPEN CAVITY
According to the electrodynamical equations in the curved spacetime, and considering Eq. (2) and the boundary condition in the cavity walls, the perturbative EM normal modes produced by the resonant component of the HFRGWs, Eq. (2), can be given by:
(1)2 cos( ) exp( ω ),
(1)2 sin( ) exp( ω ), Therefore, the average value of pure perturbative EM energy produced by the HFRGW will be:
where ( B % , respectively and V is effective volume of the stored EM fields in the cavity. From Eqs. (4) and (5), the displaying or detection condition at the level of a quantum nondemolition measurement can be written as (Grishchuk, 2003) :
where e ω h is the energy of single photon. Equation (6) also shows that net increased photon number in the cavity must be larger than one.
CONVERSION OF THE PERTURBATIVE EM ENERGY TO INSTANTANEOUS EM POWER FLUX
It should be pointed out that because of very high sensitivity of the fractal membranes to the polarization directions of the normal modes in the cavity, if the fractal membrane walls of the cavity are completely reflecting to the normal mode, Eq. (4), then the walls will be nearly totally transmitting to the normal mode, Eq. (3). Thus, such two normal modes cannot be stored simultaneously inside the cavity. Here, we assume that the perturbative normal mode, Eq. (4), is stored inside the cavity. In other words, the normal mode stored inside the cavity would be the perturbative EM fields produced by the ⊗ type polarization component of the HFRGW rather than the ⊕ type polarization one. In this case Eq. (6) also corresponds the perturbative photon number in the cavity caused by the ⊗ type polarization component of the HFRGW. If the fractal membrane in the right side of the cavity is rotated 90 0 , from the polarization directions of the normal mode and the position of fractal membrane, then the fractal membrane would become a complete transmitting to the normal mode, Eq. (4). In this case the normal mode of standing wave form would be transmitted by the fractal membrane and then can be converted into the traveling wave. Since the traveling wave transmitted by the fractal membrane can keep its strength invariant within one meter, the traveling wave can be seen as "quasi-plane monochromatic wave" in this region, and it can be written as:
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where U(t) is a step function defined by the following form: 
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COHERENT INTERACTION WITH THE GAUSS IAN BEAM PASSING THROUGH A STATIC MAGNETIC FIELD
We have shown (Li, Baker and Chen, 2006 ) that the approximate form of the x-components of the perturbative photon flux (detection flux) produced by the interaction of the HFRGW with the Gaussian beam passing through the static magnetic field (inverse Gertsenshtein effect) is: W are the amplitude of electric field and the spot radius of the Gaussian beam, respectively. Because the PPF and the BPF have very different physical behavior, the PPF can be distinguished from the BPF and possible to detect. This has been discussed in some previous works (e.g., see Li, Baker and Chen 2006; Li, et al., 2003) , we shall not repeat it in this paper. Utilizing the similar means the x-component of the perturbative photon flux (detection flux) generated by the resonance interaction of the electric field from the cavity, Eq. (7) and the magnetic field (0) z B % of the Gaussian beam, can be given by:
where the angular brackets denote the average over time. In this case the total perturbative photon flux (detection flux) passing through a certain "typical receiving surface" s ∆ will be:
where:
where 11 , the quality factor of open microwave cavity.
(6) b =1m, length of the cavity, σ ∆ =1m 2 cross-section of the cavity.
From the above parameters and Eqs. (7) - (13), we obtain results of the numerical calculation as listed in Table 1 . , our detection device cannot yet satisfy the detection condition of the cavity, Eq. (6). In this case the perturbative photon flux (detection flux) produced by the resonant interaction of the HFRGW with the Gaussian beam passing through the static magnetic field will be unique non-vanishing perturbative photon flux. Thus in order to satisfy the detection condition, improving relevant parameters of the open cavity will be a very important objective and a big challenge, but it is worth attempting and it is not impossible. Once the detection condition is satisfied, as shown by Table 1 , a very obvious perturbative photon flux would be generated, although its duration is limited in a very short interval (Dt ~ 10 -9 s). On the other hand, the HFGW generation scheme of piezoelectric-crystal-resonator (Baker, Woods, and Li, 2006; might generate a HFGW amplitude of greater than A=10 -25 in the GHz band and be detected by the device described herein. Thus, the EM detection of the laboratory HFGWs and the detection of cosmological HFRGWs are mutually complementarily. In order to suppress the thermal noise, the microwave photon flux detector should be cooled down to 0.48K or less. In this case the frequency of thermal photons will be obviously lower than that of the signal photon flux, then the signal photons and thermal photons can be distinguished. In addition, the EM detector has a significant advantage over mechanical ones or laser interferometer instruments, since it is easier to reduce external EM noise (using a Faraday ' s cage) than eliminating mechanical vibrations from a low-frequency gravitational wave (LFGW) detection system. More detailed investigation concerning such issues will be an object of future research.
CONCLUSIONS
A coupling system of an open cavity with a high-quality factor and the Gaussian-beam-type microwave beam in the presence of a strong static magnetic field is expected to be a suitable scheme for detection of the both the HFRGWs and the laboratory-generated HFGWs in the GHz band. The perturbative photon flux (detection flux) is generated by the laboratory-generated HFGWs (of A=10 -26 or larger amplitude in the GHz band) would have an obvious observable effect and be detected, although the perturbative photon flux is limited to a very short duration (~10 -9 s). Once the amplitude of the laboratory-generated HFGWs reaches the threshold of the open-cavity detector, e.g., A ~ 10 -25 , the PPF for detection will have a much larger value, i.e., N x (1) = 5.29x10 17 (s -1 ), than that for the synchro-resonance detector of Baker, Woods and Li (2006), i.e., N x (1) = 1.92x10 6 (s -1 ). For the HFGWs of 10 -26 ≤ A ≤ 10 -30 in the GHz band, the perturbative photon flux (detection flux) will be much less than the background photon flux (BPF). In this case using special beam splitter (e.g., the fractal membranes in the GHz band discussed by Baker, Woods and Li (2006) ) to distinguish the perturbative photon flux (PPF) and the BPF will be necessary. Therefore improving the relevant parameters, such as the strength of the static magnetic fields, the power of the Gaussian beam, the quality-factor Q of the open cavity, etc., for detection of the HFRGWs having amplitudes in the range 10 -30
<A<10
-32 in the GHz band will be a very important objective of our future investigations. 
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